Antisera to calmodulin, a Ca"-dependent modulator protein, and a heat-labile calmodulin-binding protein have been used to localize these proteins in mouse caudate-putamen. The two proteins appear to be located at identical sites in this 
Ca"-transport in erythrocytes (15) and sarcoplasmic reticulum (18) , phosphorylation of synaptic and cell membranes (30, 31) , and the disassembly of microtubules (26) . The mode of action of calmodulin on these systems has not been established .
In addition, calmodulin may be involved in other cellular reactions . Bovine brain contains several calmodulin-binding proteins (20) ; these may be additional calmodulin-regulated proteins, but their biological activities remain to be identified . One of these proteins, purified to apparent homogeneity and extensively characterized, suppressed calmodulin-supported activities of adenylate cyclase (40, 41) , phosphodiesterase (19, 40, 41, 43, 44) , and Ca"-ATPase (25) , but not their basal activities . This calmodulin-binding protein (CaM-BP80) is heat-labile, has a mol wt of 80,000, consists of two polypeptides of 60,000 and 18,500 daltons, and shows a pl of 6 . CaM-BPeo apparently exerts its effect by binding to calmodulin in direct competition with the apoenzymes . Another calmodulin-binding protein, isolated from bovine brain, is heat-stable and has a mol wt of 70,000 (32, 33) . This protein (CaM-BP 7o ) also inhibits calmodulinsupported phosphodiesterase activity, presumably by a mechanism similar to that of the heat-labile protein (41, 42, 44) .
Although many biochemical studies have been done with calmodulin and CaM-BP80, relatively little is known about their localization at the cellular level. As a preliminary approach we have prepared antibodies directed against the two proteins, and have used immunocytochemical techniques to localize them in mouse brain at both the light and electron microscope levels . We found that in the basal ganglia both antibodies react in an identical pattern with the postsynaptic area and the dendritic microtubules .
MATERIALS AND METHODS
Horseradish peroxidase (Type VI, Sigma Chemical Co., St. Louis, Mo .), 3,3'-diaminobenzidine-4HC1 (DAB) (Sigma), glutaraldehyde (Polysciences Inc., Warrington, Pa.), paraformaldehyde (Polysciences), and other chemicals were of reagent grade.
Preparation of Tissue
Adult C57B1/6J mice (Southern Animal Farms, Prattsville, Ala.) were anesthetized by intraperitoneal injection of 3.5% chloral hydrate (1 ml/kg body weight) and perfused through the heart for 10 min with a fixative containing freshly prepared 4.0% paraformaldehyde and 0 .1% glutaraldehyde in 0.12 M Millonig's phosphate buffer, pH 7.2 (29) . After perfusion, the cerebral hemispheres were removed and stored overnight at 4°C in phosphate buffer containing 4 .0% paraformaldehyde but not glutaraldehyde . Coronal slices (40-75 um) of the fixed tissue were prepared with either a Sorvall TC-2 tissue sectioner (Ivan Sorvall, Inc., Newton, Conn .) or an Oxford vibratome (Ted Pella Co ., Tustin, Calif.). The slices were collected in phosphate-buffered saline (PBS), and the best pieces were selected under a dissecting microscope for cytochemical study.
Preparation of Antibodies against Calmodulin and a Heat-Labile Calmodulin-Binding Protein in Rabbits Calmodulin was purified to homogeneity from bovine brain (2l) with a slight modification (42) . The protein is a poor antigen, presumably because it is small, acidic, and lacks tissue and species specificity (7) . Chemical incorporation of 3 dinitrophenyl (DNP3) groups/calmoduhn renders it highly antigenic. The DNP3-calmodulin retains essentially all its biologic activity, and was used to immunize rabbits (42) . Briefly, 1 ml of DNP,-calmodulin (0 .84 mg/ml) was mixed with 1 ml of Freund's complete adjuvant . The suspension was emulsified by briefsonication and injected subcutaneoulsy at 4-5 sites on the back just above the scapula on days 1, 17, 33, and 64. On day 72, each rabbit was bled from the marginal vein of the ear. The blood was allowed to clot and the whole sera were stored at -90°C.
CaM-BPS, purified to homogeneity from bovine brain (41), was used without chemical modification to immunize rabbits. Briefly, 0.5 ml of CaM-BP. (I .0 mg/ml) was emulsified with 0.5 ml of Freund's complete adjuvant and injected as described for calmodulin on days I, 21, and 135. On day 142, the rabbits were bled and the sera were prepared and stored as described above.
Immunocytochemical Procedures
The immunocytochemical procedures employed in this study were essentially the same as those described previously (46) . All steps were performed with constant, gentle agitation. The tissue slices (40-751am) were immersed for 30-40 min at room temperature in rabbit sera directed against calmodulin or CaM-BPso . The two sera were used at dilutions of 200-and 450-fold in PBS, respectively . In some experiments additional slices were incubated in 0.1% Triton X-100 in PBS for 15 min followed by incubation in antisera also containing 0.1% Triton X-100. The slices were washed with PBS (five changes) for 3 h, and incubated for 30-40 min at room temperature with a 1:600 dilution of peroxidase-labeled Fab fragments of purified goat anti-rabbit IgG (27, 28) prepared according to the two-step method of Avrameas (2) . The slices were washed with PBS for 3 h to remove the excess second antiserum and then incubated for 15-20 min at 4°C in 50 ml of PBS containing 30 mg of DAB and 10 pl of 30% hydrogen peroxide (14) . The slices were further washed with PBS for 30 min, and appropriate areas were dissected into separate pieces before postfixation with 2.0% osmium tetroxide in 0.12 M Millonig's buffer, pH 7.2 . The slices were dehydrated through ethanol and propylene oxide, and flat-embedded in Epon-Araldite. Superficial ultrathin sections, cut parallel to the tissue face originally exposed to the reagents, were examined in a Philips EM 301 electron microscope with or without prior staining in uranyl acetate or lead citrate (38) . Some of the osmicated slices were immersed overnight in 2.0% uranyl acetate in 0.1 M acetate buffer, pH 5.0, in darkness at 4°C, and dehydrated for embedding in plastic. The results reported here were obtained from slices of the mouse basal ganglia, the caudateputamen and globus pallidus.
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Calmodulin and Calmodulin-binding Protein in Brain 6 7 To demonstrate immunological specificity, two types of controls were used . In one, the tissue slice was exposed to a nonimmune serum before the addition of the goat anti-rabbit IgG. In the other, the immunized serum was first neutralized with an excess of the antigen.
RESULTS
Light microscopy of the tissue slices (50-75 Itm) treated with anti-calmodulin serum revealed a staining pattern characteristic of cells and processes in the caudate-putamen (Fig . 1 a) . The profile obtained with anti-CaM-BP8o serum appeared to be essentially identical (Fig . 2 a) . The soma of large cells and the processes leaving the cell soma contained reaction product for peroxidase, but the nucleus did not (Figs. I a and 2 a) . Labeled cell processes coursed in the region between cell somata, and a number of punctate-labeled profiles were also seen in this region (Figs. 1 a and 2 a) . The islands of white matter localized in the caudate-putamen contained bundles of myelinated axons and showed no appreciable reaction product . Oligodendroglia could be identified by phase optics in the islands of white matter; these cells did not contain detectable reaction product . Tissue slices treated with nonimmune serum before exposure to the second antibody revealed no specific staining (data not shown) . In addition, sections treated with preabsorbed immune serum also showed no staining with anti-calmodulin (Fig . 1 b) , or greatly reduced staining with anti-CaM-BP8o (Fig. 2 b) .
At the electron microscopic level, brain slices treated with nonimmune or blocked immune serum contained no specific reaction product . In contrast, the slices treated with either antiserum revealed identical localization of reaction product within the cell somata and processes (Figs . 3-6 ) . There was no difference in the labeling pattern with or without Triton X-100 treatment except that the detergent-treated slices were more washed out . The staining within the cell somata was distributed throughout the cytosol and was deposited on cellular organelles, especially on their membranes facing the cytoplasm (Figs . 46 and 5 b) . The reaction product was consistently greater at the cell periphery than in the perinuclear region, but the difference was not striking . All of the labeled cells received synaptic input and were therefore neurons . Oligodendroglia or astrocytes did not contain reaction product . A number of cell processes, cut in longitudinal or cross-section, contained label within them (Figs . 3-6 ) . These labeled 68 THE JOURNAL OF CELL BIOLOGY " VOLUME 84, 1980 profiles were not myelinated axons . Many of these profiles were postsynaptic to unlabeled presynaptic terminals and thus appeared to be dendrites (Figs. 3-6 ) but we could not rule out the possibility that some of the smaller profiles were unmyelinated axons. The localization of these two antisera within the dendrites is in agreement with recent biochemical findings (see Discussion) that calmodulin is a component of postsynaptic densities (PSD) . In areas where the PSD was localized, the staining was heavy, either with anti-calmodulin or with anti-CaM-BP 8o (Figs . 3-6) . In most fields a few PSDs were not labeled . This may indicate a differential distribution of calmodulin and CaMBP8o at postsynaptic sites or it may be due to failure of penetration of antibody to all postsynaptic sites in a given region . We believe that the latter explanation is more likely, but it will take extensive immunocytochemical examination of brain regions containing identified synapses before this question may be resolved. Regardless of the explanation for this result, the unstained PSDs serve as a good internal morphological control for the positive immunocytochemical results . In tissue treated with DAB and osmium the PSD has an electron density even without heavy metal staining, but it is clear from Figs . 5 b and 6 a that this density is not comparable to the positive immunocytochemical staining .
Aside from the labeling at the PSD, the immunized sera also labeled the microtubules and the outer membrane of mitochondria (Figs. 3-6 ) . In heavily labeled dendrites, the reaction product obscured the fine structural details within the process, making it difficult to identify other stained elements . In contrast, in lightly labeled profiles, the antibodies clearly decorated the microtubules (Figs . 3 and 5) . The labeling of mitochondria was erratic, being usually associated with the membrane facing an area containing labeled microtubules and not with the membrane facing lightly labeled or unlabeled areas (Figs. 3 and 5 ) .
DISCUSSION
Results presented in this communication indicate that both calmodulin and CaM-BP8o are localized at postsynaptic sites in mouse basal ganglia neurons . Cyclic nucleotide phosphodiesterase (EC 3 .1 .4.17) is also localized at postsynaptic sites in brain (11) . Since calmodulin and CaM-BPso regulate the activity of cyclic nucleotide phosphodiesterase in vitro (7, 19, 40, 43) , these results support the contention that calmodulin plays a role in FIGURE 1 Light micrographs of mouse caudate-putamen stained with antiserum to calmodulin (a) or calmodulin antiserum preabsorbed with calmodulin (b). Specific anti-calmodulin staining shown in a is within cell somata and processes (short arrows). Numerous punctate labeled profiles are also observed (long arrows). The relatively clear areas are islands of white matter which do not label with antibody. No specific staining is seen with preabsorbed anti-calmodulin serum (b). modulating the metabolism of cAMP involved in neurotransmission. It is not yet clear, however, that the phosphodiesterase activity detected biochemically in the PSD is regulated by calmodulin . A protein kinase associated with synaptosomal and PSD fractions does respond to calmodulin (13, 30, 31) , suggesting that calmodulin may regulate a synaptic function other than cAMP metabolism.
Calmodulin and CaM-BP8o form a complex in the presence of Ca" in vitro (19, 40, 41, 44) ; the identical localization of the two proteins in basal ganglia neurons suggests that a similar complex may be present in vivo under our experimental conditions . Our results should not be interpreted as indicating that calmodulin and CaM-BP eo are localized only at postsynaptic sites; the possibilities exist that they may be present in'other cellular WOOD ET AL .
Calmodulin and Calmodulin-binding Protein in Brain 69 compartments but that either their levels are below detection by our methods or their antigenic sites are masked. Also, it must be pointed out that axons are smaller than dendrites and generally follow a more convoluted course in the tissue . Thus, axons would be less likely cut by the original tissue slice and would, therefore, be less accessible than dendrites to antibody reagents .
The association of calmodulin and CaM-BP80 with specific organelles within the postsynaptic dendrites may imply a functional role in these 70 FIGURE 2 Light micrographs of mouse caudate putamen stained with antiserum to CaM-BPS (a) or CaM-BPyo antiserum preabsorbed with CaM-BP 8o (b). Description of results and symbols are the same as for Fig. 1 . THE JOURNAL OF CELL BIOLOGY " VOLUME 84, 1980 organelles . A note of caution, however, should be mentioned. In our experience, immunocytochemical staining of brain tissue with high concentrations of certain rabbit antisera is often observed with the microtubules and PSD. Such a nonspecific staining in our tissues appears unlikely; we used antisera at dilutions that do not give nonspecific staining . Moreover, neutralization of the antiserum with the antigen effectively blocked the staining . In addition, the microtubules of axons contained no reaction product. Another possibility Electron micrographs of mouse caudate-putamen labeled with anti-calmodulin or antiCaM-BPeo . All micrographs are of sections unstained with metal salts. for the staining associated with the microtubules, mitochondria, and PSD is precipitation of soluble antigens to these organelles during aldehyde fixation, or precipitation of reactant product of peroxidase during cytochemical processing . This could explain why staining of the mitochondria is observed only on the membrane facing heavily labeled regions of the dendrite . If the two antigens were mitochondrial components, the staining should be present uniformly throughout the mitochondrial membrane regardless of its orientation.
Although it is difficult to eliminate the possibility that the microtubular and PSD staining results from crosslinking of soluble antigen or precipitation of peroxidase reaction product, several observations are consistent with the conclusion that calmodulin and CaM-BPeo are associated with specific organelles. First, the immunocytochemical staining was always associated with the microtubule and PSD, and the staining was discrete and striking, even in profiles lightly labeled. If this represents crosslinking or precipitation reactions, they occur over a long distance in molecular terms. Second, the work of Grab et al. (13) clearly showed that calmodulin was associated with the PSD iso-WOOD ET AL .
Calmodulin and Calmodulin-binding Protein in Brain (26) showed that calmodulin interfered with the assembly of microtubules in vitro. Collectively, these observations support the localization of calmodulin and CaM-BPso in the PSD and microtubules . This may imply a role for these proteins at the site of transmitter action and at the level of microtubuler function . However, with the numerous effects potentially manifested by the regulatory influences of these two proteins, they may well have additional functions in neural tissue.
